Autophagy is a catabolic process involving self-digestion of cellular organelles during starvation as a means of cell survival; however, if it proceeds to completion, autophagy can lead to cell death. Autophagy is also a haploinsufficient tumor suppressor mechanism for mammary tumorigenesis, as the essential autophagy regulator beclin1 is monoallelically deleted in breast carcinomas. However, the mechanism by which autophagy suppresses breast cancer remains elusive. Here we show that allelic loss of beclin1 and defective autophagy sensitized mammary epithelial cells to metabolic stress and accelerated lumen formation in mammary acini. Autophagy defects also activated the DNA damage response in vitro and in mammary tumors in vivo, promoted gene amplification, and synergized with defective apoptosis to promote mammary tumorigenesis. Therefore, we propose that autophagy limits metabolic stress to protect the genome, and that defective autophagy increases DNA damage and genomic instability that ultimately facilitate breast cancer progression.
Autophagy is an evolutionarily conserved catabolic process whereby cytoplasmic proteins and organelles are targeted to lysosomes for degradation (Klionsky and Emr 2000; Mizushima 2005; Yorimitsu and Klionsky 2005) . During starvation autophagy is a temporary survival mechanism, as self-digestion provides an alternative energy source (Boya et al. 2005; . Upon growth factor deprivation, hematopoietic cells activate autophagy, which is essential for maintenance of ATP production and cellular survival (Lum et al. 2005) . In normal mouse development, amino acid production by autophagic degradation of proteins allows maintenance of energy homeostasis and survival during neonatal starvation (Kuma et al. 2004) . Chronically ischemic myocardium induces autophagy, which inhibits apoptosis and may function as a cardioprotective mechanism (Yan et al. 2005) . Autophagy is not only involved in recycling of normal cellular constituents but is also essential for damaged protein and organelle removal, as defects in this process result in accumulation of ubiquitinpositive aggregates and deformed cellular structures that may promote cellular degeneration (Komatsu et al. 2005 (Komatsu et al. , 2006 Hara et al. 2006) . Moreover, autophagy is involved in cellular development and differentiation (Levine and Klionsky 2004 ) and may have a protective role against aging (Melendez et al. 2003; Bergamini et al. 2004) .
Autophagy is also a form of cell death when allowed to proceed to completion and when cells unable to undergo apoptosis are triggered to die. It is often unclear whether autophagy is directly involved in initiation and/or execution of cell death, or if it merely represents a failed or exhausted attempt to preserve cell viability. Recent studies indicate that autophagy may play an active role in programmed cell death, but the conditions under which autophagy promotes cell death versus cell survival remain to be resolved (Baehrecke 2005; Debnath et al. 2005) .
Defective autophagy has been implicated in tumorigenesis, as the essential autophagy regulator beclin1 is monoallelically deleted in human breast, ovarian, and prostate cancers (Aita et al. 1999) . Also, human breast carcinoma cell lines and tumor tissue show decreased Beclin1 levels . beclin1 is the mammalian ortholog of the yeast atg6/vps30 gene, which is required for autophagosome formation (Kametaka et al. 1998) . Beclin1 expression in human MCF7 breast cancer cells suppresses tumorigenesis . beclin1 −/− mice die early in embryogenesis, whereas aging beclin1 +/− mice have an increased incidence of lymphoma and carcinomas of the lung and liver (Qu et al. 2003; Yue et al. 2003) . In addition, mammary tissue from beclin1 +/− mice shows hyperproliferative, preneoplastic changes (Qu et al. 2003) . Tumors forming in beclin1 +/− mice express wild-type beclin1 mRNA and protein, indicating that beclin1 is a haploinsufficient tumor suppressor (Yue et al. 2003) . However, the mechanism by which Beclin1 and autophagy inhibit tumorigenesis is not known. Recent studies revealed that autophagy enables tumor cell survival in vitro and in vivo when apoptosis is inactivated , as commonly occurs in human cancers. How inactivation of a survival pathway promotes tumorigenesis is hard to explain, and represents an area of great scientific interest with potentially significant clinical implications.
We investigated how beclin1 allelic loss promotes breast tumorigenesis and identified a mechanism that, for the first time, reconciles the prosurvival and tumor suppressor roles of autophagy. Defective autophagy renders mouse mammary epithelial cells (MMECs) susceptible to metabolic stress, and as such, prone to DNA damage and genomic instability via gene amplification, which is an important component of breast cancer pathophysiology (Burstein 2005; Chin et al. 2006) . Understanding the role of autophagy in tumor progression may yield insight into how to best exploit this process for maximum therapeutic benefit and improved clinical outcome based on individual cancer genotype.
Results

A novel MMEC model for studying breast cancer-promoting functions
The role of beclin1 heterozygosity in mammary tumorigenesis was investigated using a novel mouse model for mammary epithelial tumor progression. Primary MMECs were isolated from young virgin female mice (Imagawa et al. 2000) and immortalized (iMMECs) by inactivation of the retinoblastoma and p53 pathways by stable expression of the adenovirus E1A protein and a dominant-negative p53 mutant (p53DD), as previously described for mouse kidney epithelial cells ( Fig. 1A ; Degenhardt et al. 2002a,b; Tan et al. 2005; Degenhardt and White 2006) . In regular two-dimensional (2D) culture, iMMECs exhibited typical cuboidal epithelial morphology (Fig. 1C ) and formed tight junctions (Fig. 1D) . iMMECs expressed the epithelial cell markers ␤-catenin, E-cadherin, and epithelial cell adhesion molecule (Ep-CAM) (Fig. 1A) and the luminal epithelial cell markers cytokeratin (CK) 8 and 18 (Fig. 1A,E ), but did not express several basal/myoepithelial cell markers, such as CK5, smooth muscle actin (SMA), vimentin, CD10, p63, and ␣6-integrin ( Fig. 1E ; some data not shown). Few iMMECs (<20%) expressed CK14 (Fig. 1E) . ER␣ was expressed in iMMECs from virgin mice (Fig. 1A) , and was highly upregulated in iMMECs from pregnant mice (data not shown). iMMECs, but not similarly immortalized mouse kidney or prostate epithelial cells, expressed low levels of ␤-casein when cultured in regular growth medium (Fig. 1A,B) . When exposed to lactogenic hormones, iMMECs grown on tissue culture plastic formed domelike structures reminiscent of lactating mammary alveoli (Gordon et al. 2000) and exhibited ␤-casein up-regulation and secretion into the domes (Fig. 1F) , which contained fat consistent with the presence of milk (Fig.  1G) . In three-dimensional (3D) morphogenesis assays, iMMECs formed polarized acini that generated lumens via apoptosis (Fig. 2C) , similarly to the immortalized, nontransformed human mammary epithelial cell line MCF-10A , and secreted ␤-casein into the acinar lumen upon lactogenic stimulation (Fig.  1H ). iMMECs were poorly tumorigenic, forming clonal adenocarcinomas with long latency (Fig. 2D,E) .
To study the effects of oncogene expression on 3D morphogenesis and tumorigenicity, iMMECs were engineered to stably express Bcl-2 or HER2/neu, or constitutively active Akt or Ras ( Fig. 2A) . Expression of different oncogenes affected 3D morphogenesis in an oncogenedependent manner (Fig. 2B,C) . Apoptosis blockade by Bcl-2 expression prevented lumen formation and increased acinar size, HER2/neu expression stimulated acinar growth without blocking apoptosis and delayed lumen formation, Akt activation stimulated proliferation and acinar growth while disrupting polarity without preventing apoptosis, and H-Ras activation stimulated growth and grossly disrupted acinar structure. H-Ras activation and HER2/neu expression rendered iMMECs highly tumorigenic, whereas Akt activation and apoptosis inhibition by Bcl-2 enhanced tumorigenesis to a lesser degree (Fig. 2D ). Similarly to vector-expressing iMMECs, Bcl-2-expressing iMMECs formed adenocarcinomas, whereas Akt or H-Ras activation and HER2/neu expression resulted in less differentiated tumors (Fig.  2E) , reminiscent of the tumors arising in bitransgenic mice expressing MMTV-neu and a dominant-negative p53 transgene, p53-172H, which are highly anaplastic (Li et al. 1997) . Therefore, iMMECs represent an early stage in mouse mammary oncogenesis and provide a facile platform for studying mechanisms regulating breast cancer progression.
beclin1 heterozygosity impairs autophagy and increases susceptibility of mammary epithelial cells to metabolic stress in vitro
To determine the role of beclin1 heterozygosity in breast tumorigenesis, iMMECs were generated from beclin1 +/+ and beclin1 +/− mice (Fig. 3A) . As previous work showed that apoptosis defects enable survival to metabolic stress through autophagy (Lum et al. 2005; , beclin1 +/+ and beclin1 +/− iMMECs were engineered to stably express Bcl-2 (Fig. 3A) . The autophagy potential of apoptosis-competent and apoptosis-defective beclin1 +/+ and beclin1 +/− iMMECs under metabolic stress was investigated. In vitro ischemia (1% oxygen plus glucose deprivation) was previously shown to simulate metabolic stress in the tumor microenvironment (Nelson et al. 2004) , which is where autophagy localizes in tumors in vivo . To quantify autophagy induced by metabolic stress, cytosol-to-membrane translocation of the stably expressed autophagy marker EGFP-LC3 was monitored . Under normal conditions, beclin1 +/+ and beclin1 +/− iMMECs without and with Bcl-2 displayed diffuse EGFP-LC3 localization. Under metabolic stress, Bcl-2-expressing beclin1 +/+ iMMECs showed robust autophagy activation, as EGFP-LC3 distribution became punctate, indicating LC3 lipidation and membrane translocation. These findings are similar to what was reported when apoptosis was disabled by bax and bak deficiency in immortalized baby mouse kidney (iBMK) cells or Bcl-2 expression in iBMK cells Mathew et al. 2007 ). Thus, autophagy is robustly induced by metabolic stress in apoptosis-deficient cells independently of the mechanism of apoptosis inactivation. Metabolically stressed beclin1 +/− iMMECs with Bcl-2 exhibited attenuated and delayed autophagy induction (Fig. 3B ,C). Membrane translocation of EGFP-LC3 under metabolic stress was not observed in apoptosis-competent beclin1 +/+ and beclin1 +/− iMMECs (data not shown), presumably due to apoptosis activation by metabolic stress (Fig. 3E ). This result indicates that the role of autophagy may not be readily apparent when apoptosis is functional, as other studies have suggested (Lum et al. 2005; .
To investigate the role of autophagy under metabolic stress, viability of beclin1 +/+ and beclin1 +/− iMMECs without and with Bcl-2 was assessed. Apoptosis-competent beclin1 +/+ and beclin1 +/− iMMECs were killed within 2-3 d (Fig. 2D,F) , and cell death involved caspase-3 activation (Fig. 3E ). Apoptosis-defective beclin1 +/+ and beclin1 +/− iMMECs survived longer, with beclin1 +/+ cells being more resistant to cell death ( Fig. 3D,F) . Death of Bcl-2-expressing beclin1
iMMECs did not involve caspase-3 activation (Fig. 3E ), suggesting that death was caspase independent. The increased susceptibility of Bcl-2-expressing beclin1
iMMECs to metabolic stress observed in short-term survival experiments was also apparent in clonogenic survival assays (Fig. 3G,H ), indicating that beclin1 heterozygosity diminished the survival advantage provided by Bcl-2. The same phenotype was observed with Beclin1 down-regulation in Bax/Bak-deficient iBMK cells and Bcl-2 expression in beclin1 +/− iBMK cells Mathew et al. 2007) , and is thus independent of the means of apoptosis inactivation. Therefore, autophagy mitigates metabolic stress in mammary epithelial cells and is a survival mechanism upon nutrient and oxygen deprivation.
Allelic loss of beclin1 accelerates death of central acinar cells in 3D morphogenesis assays and is associated with DNA damage response activation
To assess the impact of beclin1 heterozygosity on ductal morphogenesis, 3D cultures of beclin1 +/+ and beclin1 +/− iMMECs without and with Bcl-2 were examined. Apoptosis-competent beclin1 +/+ iMMECs formed polarized acini that generated lumens via apoptosis (Fig. 4A) , similarly to other, independently derived wild-type iMMECs (Fig. 2C) . In contrast, beclin1 +/− iMMECs formed polarized acini with accelerated lumen formation (threefold) via apoptosis (Fig. 4A) , indicating that autophagy plays a role in central acinar cell survival and may delay apoptosis. Bcl-2 expression substantially inhibited lumen formation in beclin1 +/+ iMMECs (Fig. 4A) , similarly to other, independently derived wild-type iMMECs expressing Bcl-2 (Fig. 2C) . beclin1 +/− iMMECs expressing Bcl-2 formed polarized acini with accelerated lumen formation (more than fivefold on day 15) compared with beclin1 +/+ iMMECs expressing Bcl-2 (Fig. 4A) . Therefore, defective autophagy abrogated survival conferred by Bcl-2 for central acinar cells, which were metabolically stressed, as indicated by hypoxyprobe staining (Fig. 4B) . To localize autophagy, acini formed by EGFP-LC3-expressing beclin1 +/+ and beclin1 +/− iMMECs with Bcl-2 were examined. EGFP-LC3 membrane translocation was observed in centrally located beclin1 +/+ acinar cells, where lumen formation occurred in beclin1 +/− acini (Fig. 4B) . Acini formed by beclin1 +/+ and beclin1 +/− iMMECs with Bcl-2 were also examined for evidence of DNA damage response activation, as a possible manifestation of metabolic stress. Acini from apoptosis-defective beclin1 +/− iMMECs showed increased Ser139 phosphorylation of H2AX (␥-H2AX) (Fig. 4B) . Taken together, these results indicated that autophagy was activated in the metabolically stressed, central acinar cells and promoted cell survival, presumably by mitigating metabolic stress and DNA damage.
To further investigate lumen formation, acini formed by beclin1 +/+ and beclin1 +/− iMMECs without and with Bcl-2 were examined by histology and electron microscopy. Whereas Bcl-2 expression blocked lumen formation in beclin1 +/+ acini, central acinar cells of Bcl-2-expressing beclin1 +/− acini exhibited signs of necrotic cell death (Fig. 4C) , suggesting that necrosis may be the default cell death mechanism upon concurrent apoptosis and autophagy inactivation, similarly to what was reported for kidney epithelial cells . Electron microscopy showed increased numbers of engulfed apoptotic bodies in acini formed by beclin1 +/− iMMECs, which may be due to increased apoptosis or defective corpse degradation. Necrosis was morphologically evident in the lumens of acini formed by Bcl-2-expressing beclin1 +/− iMMECs (Fig. 4D ), indicating that defective autophagy accelerated cell death by necrosis. Finally, beclin1 +/+ iMMECs expressing Bcl-2 formed acini with centrally located, abnormally large cells (Fig. 4A) , which resembled aneuploid tumor giant cells induced in immortal kidney epithelial cells by metabolic stress (Nelson et al. 2004 ). This phenotype was more pronounced in acini formed by Bcl-2-expressing beclin1 +/− iMMECs, which had centrally located or lumen-associated abnormally large cells at increased frequency (Fig. 4C,D) .
Allelic loss of beclin1 promotes mammary tumorigenesis and activation of a DNA damage response in tumors in vivo
The tumorigenicity of beclin1 +/+ and beclin1 +/− iMMECs without and with Bcl-2 was determined by orthotopic injection in nude mice. beclin1 +/− iMMECs were poorly tumorigenic, forming clonal adenocarcinomas marginally faster than beclin1 +/+ iMMECs, whereas Bcl-2-expressing beclin1 +/− iMMECs showed accelerated tumor kinetics compared with Bcl-2-expressing beclin1 +/+ iMMECs and apoptosis-competent iMMECs (Fig. 5A) . Since concurrent apoptosis and autophagy defects promoted tumorigenesis, tumors generated by Bcl-2-expressing beclin1 +/+ and beclin1 +/− iMMECs were investigated further. At day 1 post-implantation, tumors had a rim of healthy-appearing cells at the perimeter of large necrotic centers, presumably due to initial lack of blood supply (Fig. 5B) . Autophagy, as measured by EGFP-LC3 translocation, was activated in tumors derived from Bcl- 
2-expressing beclin1
+/+ iMMECs and localized at hypoxic regions adjacent to the necrotic centers (Fig. 5B) , indicating that metabolic stress activated autophagy in vivo. Similarly to the results in vitro (Fig. 3B,C) , beclin1 +/− iMMECs showed reduced autophagy in tumors in vivo (Fig. 5B) . To investigate how allelic loss of beclin1 affects tumor establishment and progression, tumors generated by apoptosis-defective beclin1 +/+ and beclin1 +/− iMMECs were excised at 15, 22, and 36 d postimplantation. Bcl-2-expressing beclin1 +/− iMMECs generated tumors with altered glandular morphology and accelerated growth (Fig. 5C ), confirming synergy between apoptosis and autophagy defects in mammary tumorigenesis.
Since beclin1 heterozygosity increased susceptibility to metabolic stress in vitro (Figs. 3D-H, 4A) , tumors generated by beclin1 +/+ and beclin1 +/− iMMECs with Bcl-2 were examined for evidence of metabolic stress in vivo. Similarly to the in vitro data (Fig. 4B) , beclin1 allelic loss resulted in activation of the DNA damage response in tumors in vivo, as monitored by increased ␥-H2AX foci (Fig. 5D) , suggesting that deficient autophagy may promote genome damage under metabolic stress.
Allelic loss of beclin1 promotes drug resistance mediated by gene amplification in vitro
Since beclin1 heterozygosity rendered mammary epithelial cells prone to increased DNA damage (Figs. 4B, 5D ), Bcl-2-expressing beclin1 +/+ and beclin1 +/− iMMECs were examined for evidence of drug resistance mediated by gene amplification, which requires DNA damage in the form of double-strand breaks. When subjected to N-(phosphonoacetyl)-L-aspartate (PALA), which inhibits the aspartate transcarbamylase activity of the CAD enzyme complex and selects for amplification of the CAD gene (Otto et al. 1989) , beclin1 +/− iMMECs gave rise to PALA-resistant (PALA R ) colonies at much higher frequency compared with beclin1 +/+ iMMECs (Fig. 6A,B ). CAD gene amplification was verified by PCR of genomic DNA from several stable cell lines derived from independent PALA R colonies (Fig. 6C) . Thus, autophagy defects are associated with genome damage and instability in the form of drug resistance linked to gene amplification.
PALA inhibits de novo pyrimidine biosynthesis and results in depletion of intracellular deoxynucleotide triphosphate (dNTP) pools and inhibition of DNA synthesis (Moyer et al. 1982) . DNA replication with limiting dNTP pools causes replication stress and DNA damage that can facilitate gene amplification. Autophagy-deficient cells may display increased replication stress resulting in promotion of CAD gene amplification. To examine if exposure of cells to PALA and the resultant pyrimidine starvation induce autophagy, beclin1 +/+ and beclin1 +/− iMMECs with Bcl-2 and stably expressing EGFP-LC3 were treated with PALA, and autophagy levels were quantified by EGFP-LC3 translocation. beclin1 +/+ iMMECs with Bcl-2 showed robust autophagy induction by 48 h of PALA exposure, whereas beclin1 +/− failed to do so (Fig. 6D,E) . DNA damage accumulation (␥-H2AX foci) occurred in both beclin1 +/+ and beclin1
iMMECs with Bcl-2 upon PALA treatment, but at significantly higher levels in beclin1 +/− iMMECs ( Fig. 6D-F) , consistent with the increased DNA damage response in 3D morphogenesis (Fig. 4B ) and in tumors in vivo (Fig.  5D) . PALA exposure was specifically associated with DNA damage response activation and did not activate other forms of cellular stress, such as the unfolded protein response (GRP-78) (Fig. 6F) . DNA damage upon treatment of MCF-7 cells with camptothecin was recently shown to induce autophagy and delay apoptotic cell death (Abedin et al. 2007 ), which raises the possibility that, in addition to pyrimidine starvation, DNA damage may also play a role in autophagy induction upon PALA exposure. In summary, PALA exposure triggers autophagy, which mitigates the metabolic stress imposed by depletion of dNTP pools and lessens replication stress. Defective autophagy creates sensitivity to pyrimidine starvation, which leads to increased replication stress and, in turn, to DNA damage and instability.
Discussion
Deficient autophagy and breast tumorigenesis
Several studies have indicated that defective autophagy in the form of beclin1 allelic loss may play a role in breast tumorigenesis. beclin1 maps to a region on chromosome 17q21 that is allelically deleted in 50% of breast cancers as detected by loss of heterozygosity (LOH) analysis (Futreal et al. 1992; Saito et al. 1993) . Human breast carcinomas show decreased Beclin1 expression compared with normal adjacent tissue , and human breast cancer cell lines, although commonly polyploid for chromosome 17, exhibit deletions of one or more beclin1 alleles (Aita et al. 1999 ) and low protein levels . Beclin1 overexpression in MCF7 cells inhibits their tumorigenic potential , whereas mammary tissue from beclin1 +/− mice shows hyperproliferative, preneoplastic changes (Qu et al. 2003) . Similarly to what has been described for hematopoietic (Lum et al. 2005) and kidney epithelial cells Mathew et al. 2007 ), our results demonstrate that autophagy is a survival mechanism for mammary epithelial cells in response to metabolic stress, especially when apoptosis is disabled.
In 3D morphogenesis, autophagy localizes in the central acinar cells, which are under increased metabolic stress because of hypoxia (Fig. 4B) , anoikis (Reginato et al. 2003; Collins et al. 2005; Carroll et al. 2006) , and possibly diffusion-limited nutrient supply. beclin1 +/− heterozygosity promotes apoptosis and abrogates the survival advantage conferred to central acinar cells by apoptosis defects, and is associated with increased DNA damage. The acceleration of lumen formation in mammary acini formed by beclin1 +/− cells suggests that developmental regulation of autophagy may have a role in breast ductal morphogenesis.
Autophagy also localizes to regions of metabolic stress in mammary tumors in vivo. beclin1 heterozygosity greatly compromises the autophagy potential of mammary cancer cells and is associated with accumulation of ␥-H2AX foci in tumors. Thus, autophagy may be critical for preservation of cellular fitness in the tumor microenvironment by temporarily sustaining cellular function under metabolic stress, which is a common occurrence in solid tumors (Folkman 2003) . By promoting breast cancer cell survival, autophagy limits genome damage and instability and ultimately inhibits mammary tumorigenesis. This finding is consistent with the role of DNA repair proteins in limiting cancer progression (D'Andrea and Grompe 2003; Risinger and Groden 2004) and reconciles the intuitively contradictory roles of autophagy as both a survival and a tumor suppressor mechanism.
Deficient autophagy, DNA damage, and genomic instability
Recent studies showed that autophagy defects in normal cells result in accumulation of ubiquitinated and likely damaged proteins that promote cellular degeneration (Komatsu et al. 2005 (Komatsu et al. , 2006 Hara et al. 2006 ). Our results indicate that cancer cells with autophagy defects accumulate ␥-H2AX foci, and thus DNA damage, in 3D morphogenesis and upon PALA treatment in vitro and in tumors in vivo. Impaired survival and activation of the DNA damage response are also observed in atg5 −/− iBMK cells upon exposure to metabolic stress (Mathew et al. 2007) , indicating that these activities result from defective autophagy rather than low Beclin1 levels.
Defective autophagy compromises the ability of cells to adapt to metabolic stress, which may lead to insufficient ATP generation and accumulation of damaged mitochondria with excessive reactive oxygen species (ROS) (Jin 2006) . Limiting ATP levels and/or direct DNA insult by ROS may cause replication stress and DNA damage response activation, which normally arrests cell cycle progression or triggers apoptosis, and can therefore act as a barrier to early carcinogenesis (Bartkova et al. 2005; Gorgoulis et al. 2005 ). In our model system, inactivation of p53, a critical cell cycle checkpoint regulator, is inherent to the immortalization process, and therefore, autophagy-deficient cells expressing Bcl-2 lack the capacity to undergo p53-mediated checkpoint activation and cell cycle arrest or apoptosis in response to DNA damage. Instead, concurrent inactivation of autophagy and apoptosis leads to accumulation of DNA damage and double-strand breaks under metabolic stress, enabling gene amplification and, thus, creating a permissive environment for genomic instability and cancer progression.
Deficient autophagy, gene amplification, and breast cancer
As a means of measuring genomic instability in autophagy-deficient mammary epithelial cells, we used selection for PALA resistance, which involves CAD gene amplification. PALA exposure induced autophagy in wild-type cells and was associated with increased DNA damage and drug resistance involving CAD amplification in autophagy-deficient cells. Similar results were obtained with beclin1 +/− kidney epithelial cells (Mathew et al. 2007 ) and atg5 −/− MEFs (S. Jin, pers. comm.), indicating that defective autophagy can promote genomic instability in the form of gene amplification in response to metabolic and replication stress independent of cell type or means of autophagy inactivation.
Gene amplification is common in solid tumors (Albertson et al. 2003; Gebhart 2005; Albertson 2006 ) and is likely initiated by DNA double-strand breaks in cells lacking robust checkpoints (Chernova et al. 1998; Paulson et al. 1998) . Breast cancers frequently show genome copy number aberrations, including high-level amplifications that correlate with worse prognosis (Kallioniemi et al. 1994; Al-Kuraya et al. 2004; Naylor et al. 2005; Chin et al. 2006) . HER2/neu amplification, which is associated with aggressive breast cancer, poor clinical outcome (Slamon et al. 1987; Burstein 2005; Chin et al. 2006) , and chemotherapy resistance (Modi et al. 2005; Shin et al. 2006) , has been successfully exploited therapeutically (Baselga et al. 2006) and is the paradigm for the identification of other therapeutic targets within the 66 genes associated with poor outcome that were recently reported as amplified in breast carcinomas (Chin et al. 2006) . Whether autophagy defects segregate with specific gene amplifications in solid tumors, and particularly in breast cancer, remains to be investigated.
Therapeutic implications
Autophagy-deficient mammary cancer cells are susceptible to DNA damage in response to metabolic and replication stress, and this finding may have therapeutic implications for the rational design of breast cancer treatments. Whereas promoting autophagy in breast cancer may be an effective chemopreventive strategy, reasonable predictions are that breast cancer cells with autophagy defects may be particularly sensitive to agents exacerbating metabolic stress, like anti-angiogenic drugs, and to DNA damaging agents, particularly drugs that exert their anti-tumor effects during DNA replication. Treatment with these drugs may enhance killing of autophagy-deficient cancer cells that have intact p53 and apoptosis, and cannot therefore evade senescence or cell death upon massive DNA damage. Combinatorial treatment may prove more efficacious than single agent therapy, especially if the two classes of anti-cancer drugs have a synthetic lethal interaction in autophagy-deficient cells (Kaelin 2005) . On the contrary, treatment of cancer cells defective in both autophagy and apoptosis with metabolic or replication stress-inducing agents may prove detrimental, as infliction of further DNA damage may promote genomic instability with resultant enhanced tumorigenic potential and development of drug resistance. Thus, the same mechanism driving cancer progression in an autophagy-deficient tumor may actu-ally represent the tumor's "Achilles heel" worth exploring therapeutically.
Materials and methods
MMEC isolation and immortalization
The fourth inguinal mammary glands were excised from 6-to 8-wk-old virgin wild-type and littermate beclin1 +/+ and beclin1 +/− C57Bl/6 female mice. Mammary tissue was mechanically minced and digested with 0.1% collagenase A (Roche Molecular Biochemicals) (Imagawa et al. 2000) . Primary MMECs were washed and transfected with cytomegalovirus (CMV)-driven adenovirus type 5 E1A and dominant-negative mouse p53 (C-terminal fragment, termed p53DD) plasmids by electroporation, as previously described for BMK epithelial cells (Degenhardt et al. 2002b; Degenhardt and White 2006) . Cells were plated in plates precoated with fetuin (Rijnkels and Rosen 2001) and were allowed to settle for 2 d in 2× hormone plating medium (F12, 10 µg/mL insulin, 2 µg/mL hydrocortisone, 10 ng/ mL EGF) with 10% fetal bovine serum (FBS) before switching to 1× hormone medium with 5% FBS (to minimize fibroblast growth). Colonies of doubly transfected, iMMECs formed by 6 wk. Independent clones were isolated and expanded to stable cell lines in regular growth medium (F12, 10% FBS, 5 µg/mL insulin, 1 µg/mL hydrocortisone, 5 ng/mL EGF).
Lactogenic stimulation
Cells were grown on plastic culture dishes until confluent and were subsequently induced with differentiation medium (F12, 5 µg/mL insulin, 1 µg/mL hydrocortisone, 3 µg/mL prolactin) ± 2% Matrigel (Streuli et al. 1995) for 6 d, with medium changes every 2 d.
Generation of stable cell lines
iMMECs stably expressing human Bcl-2, H-Ras V12 , myr-Akt, wild-type human HER2/neu, or the vector control were derived by electroporation with pcDNA3.1-hBcl-2 (Nelson et al. 2004 ), pcDNA3.H-RasV12 (Lin et al. 1995 , pcDNA3.Myr-Akt (Plas et al. 2001 ), pcDNA3.wild-type-HER2/neu, or pcDNA3.1 vector (Invitrogen), followed by selection with geneticin. beclin1 +/+ and beclin1 +/− iMMECs stably expressing EGFP-LC3 were derived by electroporation with pcDNA3.EGFP-LC3 , followed by selection with geneticin, whereas Bcl-2-expressing beclin1 +/+ and beclin1 +/− iMMECs stably expressing EGFP-LC3 were derived by electroporation with pcDNA3.EGFP-LC3 and pcDNA3.1zeo (Invitrogen), followed by double selection with geneticin and zeocin. Geneticin and zeocin were used at 300 and 100 µg/mL, respectively.
Western blotting, immunofluorescence (IF), and immunohistochemistry (IHC)
Antibodies against the following antigens were used: Beclin1, Bcl-2, ER␣, ␤-casein, integrin ␣6, CD10, vimentin, Ep-CAM (Santa Cruz Biotechnology); p53, E1A, Ras, actin (Oncogene); activated caspase-3, HER2/neu, Akt (Cell Signaling); ␤-catenin, ZO-1, occludin (Zymed); E-cadherin (RDI); CK8, CK5, CK14 (Covance); SMA (Sigma); p63 (Lab Vision); Ser139-phosphorylated H2AX (␥-H2AX) (Upstate Biotechnology); GRP-78 (Stressgen); hypoxyprobe (Chemicon). Western blotting, IF, and IHC were performed as previously described (Cuconati et al. 2003; Nelson et al. 2004 ).
3D morphogenesis
3D culture of iMMECs on a reconstituted basement membrane was performed according to the protocol previously described for the immortalized, nontransformed human mammary epithelial cell line MCF-10A . For lactogenic stimulation, mammary acini were grown for 12 d, and then the medium was changed to F12, 5 µg/mL insulin, 1 µg/mL hydrocortisone, and 3 µg/mL prolactin with 2% Matrigel for 2 d. Mammary acini were fixed and processed for IF as previously described . Acini were incubated with primary antibodies for 90 min at 37°C, washed, and then incubated with fluorescein-or rhodamine-coupled secondary antibodies for 40 min at room temperature. Finally, acini were stained with DAPI (4Ј,6Ј-diamidino-2-phenylindole; Sigma), washed, and mounted with Prolong anti-fade (Molecular Probes). Confocal laser scanning microscopy was done with a Zeiss LSM510-META confocal microscope system at the W.M. Keck Center for Collaborative Neuroscience, Rutgers University. The percentage of acini with lumen formation was the mean of two independent experiments (for each experiment, 100 acini were scored for each cell line at each time point). For histology, mammary acini were grown for 12 d, fixed in 10% formalin, scraped from the glass slide with a razor blade, pelleted, embedded in paraffin, and processed for H&E staining. For EM, acini were grown for 12 d and processed as previously described (Mills et al. 2004) . Electron microscopy was performed with a JEOL 1200EX electron microscope.
Detection and quantitation of autophagy beclin1
+/+ and beclin1 +/− iMMECs expressing Bcl-2 (WT3.B3 and BLN2.B4) were stably transfected with the EGFP-LC3 expression vector ) and several independent clones were isolated. Two clones (one per genotype) were subjected to metabolic stress (i.e., ischemia defined as 1% oxygen in the absence of glucose) for 0, 1, 2, and 3 d, as previously described (Nelson et al. 2004) , and autophagy was quantified by EGFP-LC3 membrane translocation by fluorescence microscopy, as previously described . Threehundred cells were evaluated for EGFP-LC3 translocation for each clone at each time point. Three independent experiments were performed, and the mean percentage EGFP-LC3 translocation (n = 3) with standard deviation for each genotype at each time point is presented. For localization of autophagy in mammary acini, EGFP-LC3 fluorescence was monitored by confocal microscopy on acini formed by beclin1 +/+ and beclin1
iMMECs with Bcl-2 and stably expressing EGFP-LC3 . For localization of autophagy in vivo, tumors formed by beclin1 +/+ and beclin1 +/− iMMECs with Bcl-2 (WT3.B3, BLN2.B8) and stably expressing EGFP-LC3 were excised at day 1 post-implantation and snap-frozen. Cryosections were mounted and EGFP-LC3 membrane translocation was monitored with EGFP-LC3 fluorescence by confocal microscopy.
Clonogenic survival assays beclin1
+/+ and beclin1 +/− iMMECs expressing Bcl-2 were plated at a density of 2 × 10 6 cells per 10 cm dish, allowed to settle for 24 h, and then subjected to metabolic stress for 12 d. Colony formation was assessed by restoration of normal growth conditions, followed by 2% Giemsa staining. Survival frequency was calculated as the number of colonies/2 × 10 6 cells plated, since the plating efficiency was the same for all cell lines.
Detection of metabolic stress in mammary acini and tumors
Detection of areas of increased metabolic stress in mammary acini was performed by hypoxyprobe IHC and IF. Mammary acini formed by WT3.B3 and BLN2.B8 cells and grown in Matrigel for 12 d were incubated with 200 µM hypoxyprobe (pimonidazole) in tissue culture medium for 2 h at 37°C. For IHC, acini were fixed in 10% formalin, paraffin-embedded, and processed as previously described (Nelson et al. 2004 ). For IF, acini were fixed and processed as described above. Detection of areas of increased metabolic stress in tumors was performed by hypoxyprobe IHC. Mice were injected with hypoxyprobe at a dose of 60 µg/kg body weight 30 min prior to sacrifice. Tumors were excised, paraffin-embedded, and processed as previously described (Nelson et al. 2004 ).
Tumorigenicity assays
Cells were harvested by trypsinization, washed, and resuspended in PBS (10 7 cells/mL). Orthotopic mammary gland implantation of iMMECs was performed using Institutional Animal Care and Use Committee-approved protocol. Five-week-old to 8-wk-old NCR nude female mice were anesthetized with ketamine and xylazine. A small incision was made to reveal the right third mammary gland, and 10 6 cells were injected into the mammary fat pad. The incision was closed with surgical clips that were removed 2 d later. Tumor outgrowth was monitored by weekly measurements of tumor length (L) and width (W). Tumor volume was calculated as LW 2 /6. For the tumorigenicity assays described in Figure 2D , five mice per cell line and two independently derived cell lines per genotype (one for vector control) were used. For the tumorigenicity assays described in Figure 5A , four mice per cell line, three cell lines per genotype for beclin1 +/+ and beclin1 +/− iMMECs, and four cell lines per genotype for beclin1 +/+ and beclin1 +/− iMMECs with Bcl-2 were used.
PALA selection
PALA was obtained from the Drug Synthesis and Chemistry Branch (Developmental Therapeutics Program, Division of Cancer Treatment, National Cancer Institute). For each cell line, the PALA LD 50 was determined. There was minimal variation between the LD 50 values for the four beclin1 +/+ and the four beclin1 +/− iMMEC cell lines with Bcl-2 that were examined, and thus LD 50 of 17 µM PALA was used for all cell lines. The plating efficiency was the same for all cell lines. Selections of 5 × 10 5 cells per 10-cm plate were done in triplicate in the presence of 10% (v/v) dialyzed FBS and PALA at 5× LD 50 . Drug-resistant colonies, detectable after 2 wk, were fixed with 3:1 methanol:acetic acid, stained with 2% Giemsa, and counted. The frequency of PALA resistance was calculated as the number of resistant colonies/5 × 10 5 cells plated.
PCR for CAD gene amplification
An 800-base-pair (bp) fragment from the CAD gene was amplified by PCR from genomic DNA obtained from PALA R colonies using the following set of primers: 4-fwd (5Ј-GGAGCGGA GACTCCGACG-3Ј) and 4-rev (5Ј-CTAATGAACAGGAAGAT CCGGTATC-3Ј).
Time-lapse microscopy
Time-lapse microscopy was performed as previously described ). In summary, cells were plated in T25 tissue culture flasks equipped with tubing to allow cell culture in an ischemic gas environment, and placed in a time-lapse environmental chamber. Phase-contrast images (100×) at 10 different fields were obtained at 10-min intervals for up to 5 d.
